Resonant scattering of weak coherent laser pulses on a single two-level system (TLS) realized in a semiconductor quantum dot is investigated. A time delay between incoming and scattered light is observed and studied as a function of the spectral detuning between the TLS and the exciting laser. We observe delays of up to 530 ps in our experiments which is ultimately limited by the pure dephasing time T2. This type of time delay was predicted by Wigner in 1955 for purely coherent scattering and was confirmed experimentally in 2013 for an atomic system [ 1 ]. Our work addresses this effect for a solid state system in which the presence of pure dephasing leads to additional incoherent scattering and deviations from Wigner's theory. We observe delays of up to 530 ps in our experiments which is ultimately limited by the pure dephasing time T2 = 445 ps. Scattering of light on the level of single photons and single emitters is heavily investigated, not only due to its interesting fundamental character, but also due to potential applications in optical quantum technologies. Recent experiments on atomic or solid state systems comprise filtering of single photons from a coherent laser beam 2,3 ; a nanophotonic optical isolator 4 ; the generation of phase locked quantum light 5, 6 ; or a direct measurement of the Wigner time delay introduced by a single Rubidium atom
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1 . This letter reports on the scattering of weak coherent laser pulses on a semiconductor quantum dot (QD). In particular the Wigner time delay induced by a single InGaAs QD is investigated. Delays of up to 530 ps are observed in the experiments. This delay is ultimately limited by the pure dephasing time T 2 = 445 ps encountered in the solid state system. Furthermore, the presence of pure dephasing in the sample always leads to a significant contribution of incoherently scattered photons. This leads to clear deviations from the behavior predicted for purely coherent scattering.
In the limit of very low Rabi frequencies, also called the Heitler regime 7 , the light scattered by an ideal TLS is dominated by elastically scattered photons, the resonant Rayleigh scattering (RRS). In particular, it has been shown that the radiation emitted by a QD in this regime shows distinct sub-Poissonian statistics (second order coherence) while inheriting the first order coherence properties from the excitation source providing unparalleled coherence times 5 . These exceptional properties have motivated further research in this regime 5, 6 which seems particularly suitable for applications requiring high degrees of single-photon indistinguishability 8, 9 or for interfacing hybrid quantum systems [10] [11] [12] . Interestingly, in the Heitler regime, one can also observe a temporal delay between exciting and scattered pulse. Caused by the phase lag induced by the twolevel system, a coherently scattered pulse is ideally, in the absence of pure dephasing processes, delayed by the maximum of twice the radiative lifetime T 1 . This effect is called the Wigner time delay and was first derived by Eugene Wigner in 1953 for scattering processes occurring in high energy physics 13 . In the optical domain, this effect has been studied so far only for single atoms confined in a trap 1 . Here, we present a comprehensive experimental study of this effect on a self-assembled QD. Interestingly, and in contrast to atomic systems, our system is subjected to pure dephasing effects which lead to clear deviations from the expected behaviour for an ideal twolevel emitter. Our results compare well to simulations obtained from the optical Bloch equations for a simple two-level system in the presence of pure dephasing.
In our experiments, we use self-assembled semiconductor InGaAs quantum dots grown by molecular beam epitaxy (MBE) in a GaAs host matrix. The quantum dots are embedded in a planar low-Q distributed Bragg reflector (DBR) cavity consisting of 24 lower and 5 upper mirror pairs. Photonic defects on the sample surface ensure an enhanced photon extraction efficiency 14 . We resonantly excite our sample which is mounted inside a helium flow cryostat at 5 K using a tunable diode laser. In addition, a low intensity (< 100 pW) non-resonant diode laser (λ = 785 nm) is used to fill adjacent charge traps, thus stabilizing the fluorescence signal 15 . Using an objective (NA=0.65) the collimated, linearly polarized beam is focused on to the sample while the collection of reflected laser light is suppressed by using a combination of a λ 4 -plate, polarising beam splitters as well as spatial filtering by coupling into a single mode fibre 16 . Fig. 1 shows results of the optical pre-characterization of the QD under study. The data were obtained for a charged exciton from which we extract the parameters for simulating the later Wigner time-delay experiment. A laser scan across the the exciton transition at an excitation power of 80 nW is shown in Fig. 1 (a) . The maximum intensity on resonance as a function of exci- tation power is plotted in the upper panel of Fig. 1 (b) . Above saturation, we detect a maximum of 1.3 * 10 6 photons/s on our single photon counting module (SPCM) on resonance. The saturation behaviour of a TLS on resonance is given by I ∝ ρ 11 = 1/2 S/(1 + S). Here, S denotes the saturation parameter defined on resonance as S := Ω 2 T 1 T 2 = P/P sat where P is the excitation power and P S the saturation power. From these measurements we also extract the dependence of the linewidth (FWHM) on the excitation power which is displayed in the lower panel of Fig. 1 (b) . By fitting the expected behaviour of a TLS given by ∆ω = 2/T 2 (1 + S)
1/2 to the data we extract a T 2 time of (445 ± 16) ps. The radiative lifetime T 1 of the exciton is obtained from the resonant time resolved intensity auto-correlation measurement displayed in Fig. 1 (c) .The extracted T 1 time is (750±150) ps which corresponds to a natural linewidth of approximately 0.84 µeV. We would like to note that in addition to the expected antibunching on timescales shorter than the lifetime of the emitter we observe a bunching on longer timescales which is most likely caused by blinking of the QD 17 . These measurement also allows us to determine the different excitation and scattering regimes (low vs. high excitation and coherent vs. incoherent scattering regime, respectively). In a system without pure dephasing processes, the emission of the TLS is dominated by coherent scattering processes in the low excitation regime while the RF signal is exclusively incoherent in the high excitation regime. The emission spectrum of a TLS in these two regimes is also markedly different as is illustrated by the emission spectra in Fig. 1 (d) . For high excitation powers (lower panel) we observe the Mollow triplet (P = 130 P sat ) which collapses into one single peak for a power below saturation (P = 0.14 P sat ) (upper panel). In principle, the emission spectrum under low excitation should only reveal the instrument response function of our scanning Fabry-Perot interferometer (FPI) which is 436 neV (105 MHz). We observe, however, an emission linewidth of 0.84 µeV which is below the theoretical limit of the incoherent spectrum of 2/T 2 = 2.96 µeV but above the resolution limit of our FPI. Therefore, this measurement also evidences that we find a substantial amount of incoherently scattered photons in our signal even at low excitation powers due to the presence of pure dephasing.
After these preliminary measurements, we now turn to the study of the Wigner time delay in our solid state system. In the limit of low Rabi frequencies and long pulses ( ∆t F W HM T 1 and P P sat ) the phase lag between scattered and exciting radiation leads to a time delay between the exciting and scattered pulse. This can be also understood as each Fourier component of the pulse is multiplied by a phase in the frequency domain which leads to a shift in the temporal domain. Since the phase lag is frequency dependent, a frequency mismatch is effectively turned into a temporal delay. In order to observe this effect, the cw-laser was amplitude modulated using a fiber-based electro-optic modulator (EOM) driven by a programmable pulse generator allowing for arbitrary pulse shapes. The maximum achievable pulse length with our equipment is ∆t = 1.05 ns (FWHM). We set the excitation power to a value of P ∼ 0.02 P sat . Evidently, our pulses are only a factor of 1.4 longer than the lifetime of our QD emitter not quite satisfying the aforementioned conditions. The luminescence is detected by a single-photon counting module and photon counts are histogrammed using a time-correlated single photon counting (TCSPC) electronics with an overall timing resolution of ∆τ FWHM = 390 ps.
We simulate the experiment using the usual optical Bloch equations 18 . The populations of the two stateṡ ρ 11 (t) = −ρ 00 (t) and the coherenceρ * 01 (t) =ρ 10 (t) of the two level system in the rotating frame are given bẏ
The properties of the TLS, i.e. the dephasing time T 2 and population decay time T 1 , are determined independently, as discussed previously, from the experiments shown in Fig. 1 . The Rabi frequency is time dependent Ω R (t) = Ω exp
reflecting the Gaussian pulse shape with the amplitude given by Ω = by the quantum dot which is given by φ = arctan
. This phase lag is connected to the observable time delay via
Hence, in contrast to atomic systems we are restricted by the pure dephasing present in our solid-state system which limits the maximally achievable time delay to τ (∆ω = 0) = T 2 . It is important to note that equation 3 only describes the time delay of the coherently scattered fraction. Since in systems with finite dephasing time T 2 the maximum fraction of coherently to incoherently scattered photons is given by T 1 /(2T 2 ) 19 we obviously will not directly recover this dependence described by equation 3 when recording the entire light emitted by the TLS.
In Fig. 2 (a) the exciting pulse and scattered pulse are displayed for a detuning of ∆ω = 0.5 µeV. The center of the scattered pulse is shifted in time by a maximum delay of 530 ps with respect to the exciting pulse. Here, the exciting pulse is detected as time reference by tuning the laser off resonance and rotating the λ 4 -plate by 0.1 degree with respect to the dark field configuration. Fig. 2 (b) shows the scattered pulses for different detunings. The pulse maxima are determined by fitting Gaussian pulses to the central area of the experimental data. Evidently, the pulses exhibit a deviation from the Gaussian shape on the tail for t > 0. In order to understand this observation we simulate the experiment using equations (1) and (2) and the parameters obtained from the previously discussed measurements. The total fluorescence emitted by the TLS is proportional to the population of the excited state I tot ∝ ρ 11 (t) and reproduces well the experimental data. Furthermore, we can calculate the coherent (I coh ∝ |ρ 01 (t)| 2 ) and incoherent contribution to the total fluorescence (I incoh = I tot − I coh ). We plot the results from the simulation in comparison to the experimental data in Fig. 2 (c) . The only free parameter in the simulation is a scaling factor c used to convert the population of the excited state into a fluorescence signal, i.e. ρ 11 (t) = c I tot . Evidently, the coherent fraction dominates on the rising edge of the pulse while the the falling edge consists almost exclusively of incoherently scattered photons. This is a consequence of the underlying Bloch equations: At first an optical coherence must be built up before the coherence drives a population transfer to the excited state. In Fig. 3 we plot the time delay for different detunings of the laser relative to the exciton transition. The time delay is most pronounced on resonance and decreases by detuning the laser relative to the exciton transition. Interestingly, the pure dephasing also leads to a finite, non-zero temporal delay off resonance which is not the case in systems without pure dephasing. The maximum measured delay of 530 ps is well above the delay of 445 ps predicted by equation 3. As mentioned above, this is attributed to to large fraction of incoherently scattered photons which lags behind the coherently scattered photons. This lag of the incoherent fraction leads to the larger temporal shift of the total fluorescence with respect to the coherent fraction. The inset in Fig. 3 shows the integrated intensity as a function of detuning. While the simulation reproduces the experimental data here well, the simulation and experimental data in the main plot exhibit clear deviations. Most importantly, the delays we measure off-resonance are smaller than in the simulations. The reason for this could be a wavelength dependent behaviour of the EOM which could lead to small temporal shifts of the pulses. Furthermore, a detuning dependent dephasing could also be responsible for the observed effect. This is also indicated by the pulse shapes in Fig. 2 (b) for the different detunings. While one resonance the incoherent fraction leads to clear deviations from the Gaussian shape, the detuned pulses exhibit a decreasing deviation with an increasing detuning. Thus a more precise knowledge and modelling of the pure dephasing processes could lead to an increased agreement between simulation and experiment.
In conclusion, we have demonstrated for the first dime the Wigner time delay for a solid state two-level system. Wigner time delay is caused by the phase lag induced by light scattering on a semiconductor a quantum dot in an resonance fluorescence experiment at crygenic temperature. We observe detuning dependent time delays of up tp 530 ps at resonance between the exciting laser and the two-level system in good agreement with a theoretical description based on the optical Bloch equations. Here, the delay effect is observable despite the inevitable pure dephasing processes in the solid state system which limit the coherent response of the system. Due to the incoherent response, we observe maximum delays (up to 530 ps) which are longer than the theoretical limit (T 2 = 445 ps) derived for the coherent response of the system. Our results show that using high-quality sample fabrication and advanced spectroscopic tools effects limited to the realm of atomic quantum optics can also been explored on optimized solid state systems. The observed Wigner time delay has high potential as spectral fine-tuning in future photonic quantum technology systems such as quantum repeater networks which require a very precise spectral matching of resonantly excited single-photon emitters for entanglement distribution via Bell-state measurements.
